Non-intrusive measurement technology is of great interest for the electrical utilities in order to avoid an interruption in the normal operation of the supply network during diagnostics measurements and inspections. Inductively coupled electromagnetic sensing provides a possibility of non-intrusive measurements for online condition monitoring of the electrical components in a Medium Voltage (MV) distribution network. This is accomplished by employing Partial Discharge (PD) activity monitoring, one of the successful methods to assess the working condition of MV components but often requires specialized equipment for carrying out the measurements. In this paper, Rogowski coil sensor is presented as a robust solution for non-intrusive measurements of PD signals. A high frequency prototype of Rogowski coil is designed in the laboratory.
Introduction
The major deriving forces to modernize the current power grid include increasing requirements for reliability, efficiency and safety of power grid along with optimization of capital assets while minimizing the operation and maintenance cost. Some of the greatest effects on reliability of a power distribution network are provided by various types of failures due to environmental and operational stresses [1] . Insulation degradation is one of the most frequent causes of the failure in the critical and expensive power components such as, motors, generators, transformers, switchgear, and power lines. One of the methods to predict the incoming insulation faults is to perform on-line condition monitoring of the network components. Partial Discharge (PD) diagnostic is a wellknown technique for insulation condition monitoring. PD is the process of localized dielectric breakdown of a small portion (cavities, voids, cracks or inclusions) of a solid or liquid electrical insulation part which is under high voltage stress during operation [2] . The electrical stress due to applied voltage causes discharges within the defective portion of the insulation. There are different phenomena which appear during discharges and give rise to respective detection indicators such as electromagnetic radiation, sound or noise, thermal radiation, gas pressure, chemical formation, and electromagnetic impulses [3] - [6] . The PD measurement sensor technology is based on the type of the energy exchange which takes place during above mentioned discharge phenomena. In this paper electromagnetic impulses are considered for assessment of the PD activity.
Due to rapid displacement of the charges during discharge event, voltage and current transient appears in the form of electromagnetic waves. These signals travel away from the site of origin along the power lines and can be measured by resistive, capacitive or inductive methods [7] . A variety of sensors are available for measurement of electromagnetic signals. However, considering practical aspects such as low cost, high bandwidth, good sensitivity, saturation characteristics, high linearity, and wide operating temperature, Rogowski coil has been regarded as a favorite tool for high-frequency current-sensing purposes [7] . Its flexible design provides the possibility to install it in a variety of physical locations especially in the tight spaces that may be inaccessible with typical iron-core current transformers. For MV overhead covered conductor lines, it can directly be installed around the CC line. For an MV cable network and cable accessories (joints and terminations), switchgears, and transformers, the coil can easily be installed around the earth straps to detect the fault current. Moreover it can also be used for normal current measurements at the substation. Researchers and engineers have been using Rogowski coil for high-amplitude sinusoidal currents and transients as well as low-amplitude and high-frequency signals in power systems and power electronics applications [8] - [11] . Nowadays it is also being used for detection and localization of insulation and short circuit faults while its application for relay protection is impressive as well [12] . Obtaining simplicity in the design, better accuracy for a wide range of amplitude and frequency of measured signal, and low cost are the challenges during development of a sensor.
In this paper, the main features, design and construction features of Rogowski coil have been explored. Rogowski coil sensor has been identified as a composite of four essential and sequential components: Rogowski coil head, damping component, integrator and Data Acquisition System (DAS).
Step-by-step implementation of Rogowski coil is described and performance of each stage is evaluated for low-amplitude and high-frequency transient current signals. The operation of the Rogowski coil is simulated in ATP-EMTP simulation software environment which provides an in-depth analysis, the verification of the coil prototype and the possibility of developing further PD diagnostic techniques for distribution lines.
Components of Rogowski Coil Sensor
A measuring sensor transacts a complete measuring function from initial detection to final indication of the measured quantity as described in Figure 1 . Considering Rogowski coil sensor, the initial detection is done by a current sensing coil which acts as an interface between primary and measured current. Intermediate signal processing consists of signal conditioning based on the operational features of the coil, its physical and electrical characteristics, and the purpose (requirement) of measurements and diagnostics. This is accomplished by damping component and integrator. Final indication is displayed or recorded with the help of a suitable Data Acquisition System (DAS). This recorded data can be transported to personal computers to be used for further investigations. Figure 1 represents the sequential construction and operation of Rogowski coil measuring sensor while its implementation is depicted in Figure 2 . The detailed description and implementation of each component is explained further in this section.
Coil Head
The Rogowski coil's main sensing part is composed of toroidal wound coil with n number of turns, on an air-core (dielectric) former of constant cross-sectional area. The air-core is split in one location to allow assembly of the coil head unit. As shown in Figure 3 , the wire is wound such that the winding start from the first end, progresses towards the other end and returning through the centre of the coil back to the first end, so that both terminals are at the same end of the coil. Number of turns ( ) n , outer diameter of coil ( ) Table 1 ). Its physical parameters are selected based on the application requirements of the coil. Space for installation, bandwidth, and sensitivity of the coil are the main concerns required to initiate the design.
Damping Component
Every piece of wire has resistance and inductance while every two wires present some capacitance during an electrical application [13] . Response of the Rogowski coil to primary current signal can be well explained by developing electrical model of this electromagnetic device. Lumped parameter model is used in this work where c R , c L and c C are structure-based inherent self-resistance, self-inductance and self-capacitance of the Rogowski coil. During current measuring operation, the sensed signal passes through RLC circuit of the coil which 
Integrator
The output voltage of Rogowski coil which is induced by the variable current passing through the primary conductor is proportional to the derivative of primary current. The main operating principle is thus described with Farady's law. Due to very nature of the electrical circuit of Rogowski coil, oscillations are introduced due to second order equivalent circuit characteristics. These factors affect the output of the Rogowski coil sensor (with reference to primary signal). Reliability of the measurement depends on how accurately the primary signal is captured. In order to recreate the original waveform of the measured signal, first step was to remove sensor's oscillations using damping component (described above). An integration operation is needed to process differential output to provide output waveform (measurement result) to match the measured primary current waveform.
Rogowski coil is an air-core induction sensor and relatively low number of turns are required to guarantee the high-frequency operation. Therefore the current transfer ratio (output current to input current) is very low; even minor resistive losses can significantly reduce the amplitude of the measured signal in the sensor's output. The specific calibration of the sensor transfer rate can thus be required to achieve the accurate amplitude of the measured signal.
Data Acquisition System
The output of Rogowski coil sensor is an analogue signal. For more detailed analysis and recording of the measured transients patterns, the signal is passed on to a DAS system and digitized. This incorporates in the first stage an Analog-to-Digital Converter (ADC) with very high sampling rate, in order to capture the extremely short-time transients of the PDs occurring on the power line. The Nyquist criterion states that the sampling frequency of a system needs to be at least twice of the frequency needed to be captured. The bandwidth needed to capture the PD traces would reach several tens MHz, thus the sampling frequency required from the DAS would be in tens of millions of samples per second (MS/s) also. The ADC would need to have at least 8-bit resolution (better higher), therefore having multiple sensors in a substation would mean very high data transfer bandwidth.
The second stage of the DAS would be initial processing of the results to provide reduction of the data to be processed. The PD transients have specific waveforms and recognition/detection of such waveforms can be then used for triggering the further storage and processing operations. As a result of such event filtering, the data stored will be limited in a window of some thousands of samples at each detected PD occurrence, or even less. The data bandwidth is reduced for easy data storage or transmission to data centers for further analysis. Suitable equipment for establishing the DAS would be for example Digital Storage Oscilloscopes (DSO) in the laboratory measurements or on-chip data logger systems can be used for on-site applications.
Stage-Wise Design and Implementation of Components of Rogowski Coil Sensor

Physical and Electrical Model of the Coil Head
When the coil is placed around the conductor carrying alternating or transient current 
where c M is mutual inductance or sensitivity of the coil, expressed in V A at a specific frequency. Mutual Inductance depends on the number of turns of the coil, cross sectional area of the core, and the diameter of the toroid (to determine the radial distance of the coil winding from the current carrying conductor placed at the center of the coil). The physical parameters of the Rogowski coil head are given in Table 1 . The value of electrical parameter depends on the physical design of the coil. Table 2 represents the measured electrical parameters of the Rogowski coil head. The details of the parameters measuring methodology has been described by the authors in [14] . The lumped parameters (RLC) equivalent electrical model is shown in Figure 4 . 
During high frequency measurements, the interaction of sensed signal with RLC parameters results in significant energy exchange between the coil's self-inductance and self-capacitance, and causes oscillations with a resonant frequency c ω which can be calculated as
To ensure the practical response of Rogowski coil, a laboratory test is made. A PD pulse is injected from a PD calibrator into a simple test circuit as shown in Figure 5 . The primary current pulse in the test line is measured by a commercial High Frequency Current Transformer (HFCT) and is shown in red color in Figure 6(a) . This current pulse will be used as reference primary signal further in this paper. The captured output voltage of Rogowski coil is shown as time-domain plot in blue color in Figure 6(a) . This oscillating signal is the measured signal ( ) o V t which needs to be processed during the incoming stages of the sensor development in order to get the primary signal ( ) p i t . Fast Fourier Transform (FFT) of the captured response shown in Figure 6(b) represents the frequency response of the coil's output voltage. The resonant frequency of measured response is determined as 37.6 MHz. The resonant frequency reflects the value of the LC parameters of an induction sensor. Therefore, exact match of calculated and practically measured resonant frequency validates the accuracy of the measured electrical parameters.
Coil Head Along with Damping Component
In the previous, the output voltage measurement device input resistance m R . With this measuring setup, Rogowski coil operates in an un-damped mode. In order to damp the oscillation, a suitable value of terminating resistance is required which should be a specific ratio of the characteristics impedance of the Rogowski coil as shown in Figure 7 . Based on the terminal loading, the Rogowski coil can operate in over damped, undamped, and critically damped modes, as shown in Figure 8 . Suitability of the operating mode depends upon the measured waveform of the output which aims at to be the waveform of the primary signal.
The output voltage can be expressed as ( ) 
Comparing with the transfer function, the damping coefficient ξ for coil model without damping component can be an be expressed as 1 2
whereas the damping coefficient with terminating resistance t ξ can be written as Here c Z is the characteristic impedance of the coil. Using such damping component value, the poles still lie on real axis, while their magnitude has the highest value. The poles can have even higher magnitude values, however in such case the poles will also have an imaginary part. The removal of the oscillations from the output is beneficial for the sensor application, as removal of natural oscillatory response modifies (4) as Figure 10 shows the transformation of the signal from the output of stage 1 to the output of stage 2. The compensation of the effect of time differential and mutual inductance can be carried out by integration and calibration. 
Coil Head Along with Damping Component and Integrator
Integration of the output of Rogowski coil can be performed by one of two common means, (1) by use of an electrical or electronic integrator, or (2) by using numerical integration in software after the coil output voltage is digitized [16] . In order to avoid complex circuit and expensive components, the numerical integration is proposed to be done by the built-in numerical functions of the DSO. The sampling frequency is selected based on the resonant frequency (considering Nyquist criterion) of the Rogowski coil. The digital integration can be expressed as
where i is the current obtained by the digital integration of a voltage signal V, s f is sampling frequency and N is the order number of sample. The digital integration recreates the current as
The amplitude of the induced voltage is reduced by a factor 
The overall measurement scenario of the primary current ( ) p i t processed by the described stages of sensor to provide ( ) pm i t as the final outcome is shown in Figure 11 and Figure 12. 
Data Capturing Using Suitable Data Acquisition System
PD transients are high frequency signals therefore a high sampling rate is required to capture the signals reliably without losing any information. During laboratory measurements, a sampling rate of 2.5 GS/s is used with the help of DSO. However it is important to take into factor the factor of sampling rate because it affects the economical parameters in terms of cost of high frequency processors and large memory for data storage. For real applications, such high sampling rate (2.5 GS/s) is not necessary. A suitable range of required sampling rate can be estimated by the resonant frequency of the measuring sensor. The resonant frequency of the Rogowski coil used in this work is 37.6 MHz. Therefore, considering Nyquist criterion, 76 MHz or more, is a suitable sampling frequency for capturing the PD data.
Simulation of Rogowski Coil Sensor Using ATP-EMTP
Rogwoski coil is simulated using ATP-EMTP power system transients' simulation software. In literature, the pulse used in different simulation software is mostly based on the waveforms characterized by its mathematical model described as [13] ( ) ( ) 
where A is the peak value of the pulse, 1 t α is the rise time and 2 t α is half of the fall time. In this work, the data of practically captured PD current pulse is imported in ATP to be measured by the simulated model of Rogowski coil. Both mathematical and practical current pulses are shown in Figure 13 (a). It can be clearly seen that practical current pulse contains fast variations during rising and fall slopes of the pulse. This kind of variations or distortions in the pulse, significantly affect the output of the Rogowski coil. To avoid any loss of high frequency components present in the practical pulse, the simulated model of Rogowski coil is assigned to measure the same practical primary current. This ensures the correct assessment for evaluation of the identified parameters of the coil to create an accurate model. The measured parameters ( Table 2 ) of the coil are used for simulation of model. The current carrying line used in the experimental setup is shown as test line in the simulation. Two types of ATP models are shown in Figure 13 (b) and Figure 13(c) . Block B1 shown in schematic Figure  13 (b) represents the PD current pulse source. The coil senses the current through the test circuit. Block B2 represents the time-derivative of the primary current. Block B3 shows the RLC equivalent of Rogowski coil. In the first model, the sensor is electrically connected with the primary line. The arrangement works well as long as the coil circuit does not provide any disturbance to the primary current. However, if any reflections occur within the coil circuit, they may conduct towards the primary (test) line. This phenomenon may affect the characteristics of PD signal. In real practice, the Rogowski coil has no electrical connection with the primary line. Therefore, an improved model is developed in Figure 13 The stage-wise simulated models and their outputs are shown in Figure 14 . Extending the initial model, Figure 14 shows the models including coil head added with terminating resistor, and complete Rogowski coil unit including coil head, terminating resistance, integration, and calibration. The measured waveforms of the simulated model have been shown in Figures 14(d)-(f) , under their respective stage of model. The performance of the simulated models has a good match with the practically measured response. A comparison of the measured and simulated output response of the coil models is shown in Figure 14(f) . The waveform and amplitude of the measured current nicely matches and validates the designed model of Rogowski coil PD measurements. 
Conclusions
For employing successful on-line monitoring of the distribution lines using PD monitoring, the tasks to be carried out include PD detection, localization, and measurement which consequently provide the information about the presence of PD activity, where the deterioration is happening and extent of the damage that has been done. Such information determines the execution of the required (repair, replacement or standby) tasks. This paper presents design of high-frequency Rogowski coil for PD diagnostics. Rogowski coil is designed in four cascaded stages. First stage is the design of Rogowski coil head, which is used to sense the primary current as an induction sensor. In this form, Rogowski coil can be used to detect the presence and polarity of PD signals which are sufficient to detect and localize the PD fault within the electrical components [17] - [19] . PD measurement task requires quantification of the discharged phenomenon which needs the information of the wave shape of actual PD signals. The area of the PD transient waveform is used to calculate the amount of charge released during PD event and hence the extent of PD defect can be estimated. For this purpose the implementations of the second, third, and fourth stages are necessary. Rogowski coil head along with damping components is analogue while integration, calibration, and data recording are done by the digital component (DSO). Nowadays many of the DSOs have numerical integration function as a built-in feature and make the integration possible without any additional complex circuits and cost. Similarly calibration constant can be applied numerically. Due to limitations of cost, weight, size, and vast scope of applications for measurements, this device (DSO) is generally used for laboratory or certain onsite applications. However the applications where a large number of coil sensors are integrated into the network, the digital part of the Rogowski coil sensor can be developed using on-chip components and analog-to-digital converters with required sampling rate having programmable signal processor units and data logging and storage functions.
For creating more complex monitoring systems, the ATP-EMTP simulation software has been shown to provide good results in the transient analysis. The design input is simplified by ATP-EMTP as it provides graphical and mouse-driven preprocessor, where the user can construct a wide range of power system circuits. A variety of line models (taking into account the high frequency effects) can be developed by input of the geometrical design parameter which provides an opportunity to further develop and/or analyze diagnostic techniques for PDs travelling over the power lines.
